The reversible structural relaxation in amorphous Cogo-xCr x B 2 o (x=30 or 35) alloy was investigated with the conventional relaxation function Φ(ί)=βχρ{-(//τ)}* and the framework of an activation energy spectrum (AES) model. Isothermal data were successfully exhibited by the master equation and the b converged within 0.47 ± 0.04. The cross-over effect was also qualitatively possible to explain, and the energy spectrum of the relaxation time was calculated according to the AES model.
INTRODUCTION
It is well known that a chemical short-range ordering (CSRO) process occurs in the annealing of an amorphous alloy, together with a topological shortrange ordering (TSRO) process III. Concerning the TSRO process, its microscopic origin is attributed to the annihilation of quenched-in excess free volume introduced in preparing the amorphous sample. On the other hand, although it is predicted that the CSRO process accompanies the atomic rearrangement and then a correlation between constituent elements plays an important role, there is no direct evidence of this. It has been reported that the CSRO processes causes various interesting changes in the physical properties /2-4/. A reversible change in physical properties has been observed in such an experiment where the sample was annealed cyclically within a temperature range 12-4/, so the CSRO process is frequently called the reversible structural relaxation process. It has also been shown /4,5/ that the change in physical properties followed a logarithmic variation during isothermal annealing in a peculiar way, with no incubation time observed, and it reached saturation level depending on the annealing temperature. In addition, a cross-over effect 16,11 has frequently been reported for experiments where the annealing temperature was changed when two isothermal curves intersected each other. In this experiment, the reversible structural relaxation for melt-spun Cogo-x Cr x B2o (x=30 or 35) alloys is investigated. Then the reversibility, the logarithmic kinetics and the cross-over effect are confirmed and isothermal data of amorphous Co5oCr3oB 2 o alloys are used to examine the kinetics of the reversible structural relaxation. The kinetics of the CSRO process is studied first by using the conventional relaxation function and the validity is discussed. Next, the energy spectrum of the relaxation time is estimated within the framework of the AES model IS/. In addition, the cross-over effect is qualitatively explained by this model.
EXPERIMENTAL
The ribbons of Cogo-xCr x B 2 o (x=30 or 35) composition were prepared by a single-roller quenching apparatus with a copper roller 20 cm in diameter. The size of the ribbon sample was typically 1 mm in width and 30 μιη in thickness. The amorphous nature of the samples was confirmed by X-ray diffraction and differential scanning calorimetry (DSC). The crystallization temperature T x was defined as a departure from the base line of DSC thermogram by an exothermic reaction, measured at a heating rate of 0.17 K/s, and it was estimated to be 842 K. The residual electrical resistance was measured with the conventional d.c. four probe technique at liquid-N 2 temperature in a pure He (99.9999%) atmosphere. The annealing treatment of the samples was carried out by a controlled infrared image furnace to shorten the time duration of heating to the target temperature. The average heating and cooling rates were typically 5 K/s. Pre-annealing was performed to stabilize the as-quenched sample. A timetemperature transformation diagram for crystallization was produced to determine the pre-annealing condition. The pre-annealing temperature T pr , and time were 773 Κ and 1.5 χ 10 3 s, respectively.
RESULTS AND DISCUSSION
To ensure the validity of the reversible relaxation in an amorphous alloy, it has been postulated 191 that "reversibility", "cross-over effect" and specific "logarithmic behavior" are necessary to appear in a physical change. The term "reversibility" does not mean the thermodynamic reversible process, but rather a reversible change in the physical property seen in the annealing treatments repeated within a given temperature range. The cross-over process suggests 191 that the relaxation process is not controlled by a single relaxation time, but is composed of a spectrum of relaxation time. Figure 1 shows In the hightemperature region, the resistance value depends almost linearly on the temperature. In addition, it should be noticed that the temperature derivative is larger for the heating curve than for the cooling one. A similar feature has been observed in other experiments, such as the temperature coefficient of resistance /ll/. On the other hand, saturation of AR(T a )/R pre in the low temperature region is apparent and the electrical resistance is expected to increase by using a longer annealing time. Figure 2 represents the time dependence of AR(t)/R pr , for a pre-annealed amorphous Co4 5 Cr 35 B2o alloy, where the measurement was first carried out at 643 Κ for 3 χ 10 s s and subsequently at the elevated temperature of 683 K, and again at 643 K. Each point was obtained by measuring the residual electrical resistance after performing the isothermal annealing for a given time. Then the same sample was used throughout the completion of one isothermal experiment. The resistance value increases with increasing time in the first run at 643 Κ and decreases with progressive annealing at 683 K, on the other hand. The curve rises again during the second run at 643 K. These facts suggest that a saturation level exists for the chemical order state and the equilibrium degree of order is higher for a lower annealing temperature. Also, the reversible change in the electrical resistance, which corresponds to the formation and decomposition of order states, can be clearly seen in Figs. 1 and 2. To observe the cross-over effect, the pre-annealed amorphous Co5oCr 30 NB2o alloy was annealed isothermally, first at 643 Κ for 9.0 χ 10 3 s and then the isothermal change in AR(t)/R pr , was measured at 682 K. The result is shown in Fig. 3 , where the fitting curve (= Aj +A2&χρ(-ί/τι)-Α3txp(-t/x 2 )) with two relaxation times T] = 43.3 s and τ 2 = 5340 s is simultaneously drawn together with the experimental data. As shown in Fig. 2 , the AR(t)/R pr , increases with increasing time due to the formation of a chemical order state. When the isothermal heat treatment is abruptly stopped and the temperature is changed to a different one, the new isothermal curve is expected to approach that corresponding to this annealing temperature. However, in the cross-over effect, the transient variation is observed, in general, before the new isothermal curve shows a thermal equilibrium behavior at a new temperature. In the present amorphous alloy, the abrupt decrement in AR(f)/R p " occurs just after the annealing temperature has been elevated to 682 Κ and then AR(f)/R prt increases gradually so as to coincide with the where R(0) = R pr , and R(p6) is the value at t-xx>. Figure  5 (a) shows the Φ(ί) for each annealing temperature as a function of In/. The Φ(ί) curve exhibits the typical sigmoidal form. The least-squares fit by Eq. (1) was done for each curve measured and the kinetic parameters b and τ were obtained. The kinetic parameters are summarized in Table 1 , together with those reported by several authors. In the present experiment, b may be recognized as being randomly scattered in the range of 0.45 -0.51 with an average value of 0.47 (Fig. 6) . The fact that b * 1 indicates directly that the reversible structural relaxation is not a process with a single relaxation time. The reduced time t s = τ(623)//τ is introduced instead of the real time t and the where το, A, T 0 and Ε are constants. T f is known as the Active temperature, which reflects the equilibrium structure of the liquid /12/. In the equilibrium temperature range (liquid state), T f equals T a and then Fig. 5 (b) . The master curve is produced by shifting the data in Fig. 5 (a) to 623 K. Considering that the annealing temperatures are relatively low compared to the crystallization temperature (842 K), the Arrhenius Eq. (2) reduces to the Vogel-Fulcher equation. When T a is located in the temperature range below the glass transition temperature, T g , the relation Tf=T g is established, and it prescribes the Arrhenius behavior. In the present isothermal experiments, it is thus valid to use 
where AE represents the energy discrepancy between the order and disorder states. The n(oo) and n(0) are the equilibrium and the initial occupation probabilities for the disordered state, respectively, and are given by 
where the term K(Ta, Tpre) depends on the assumption about c(Eb, AE) and is given as kB 2 n 2 (Tpre 2 -Ta 2 ) in this case. The G(Ta, Eb) = K(Ta, Tpre)c(Eb)q{Eb) corresponds to the distribution of the barrier height, that is, the activation energy required to jump over the potential barrier, and was estimated from isothermal data AR(t)/Rpn using Lagrange multipliers already reported the ordinary form of Eq. (1) because the experiments were performed throughout below the crystallization temperature Tx (« 150 Κ < Tx).
The analysis with the relaxation function predicts the spectrum of relaxation times. But this method does not provide the real distribution of relaxation times. Of course, it is possible to assume the functional form of distribution and fit data using its function. However, we want to use assumptions as limited as possible to estimate the distribution of relaxation times. Here, the activation energy spectrum (AES) model is used, which has been proposed from a more microscopic point of view for the reversible structural relaxation process 191. This model is based on the assumption that relaxation centers are randomly distributed in the material, and each center occupies the order or disorder states which are separated by the potential barrier of barrier height Eb (two-level system model). Order and disorder state levels are also assumed to extend continuously. According to the AES model, the physical change caused by the development of the relaxation process is given by the following equation. Fig. 7 . Therefore, the origin of this peak may be associated with the movement of Β atoms. The two subpeaks on the higher-energy side will presumably be caused by the rearrangement of metallic atoms associated with any interatomic correlation. The crossover effect in Fig. 2 can be qualitatively explained by the difference of the peak height in the distribution function. During isothermal annealing for 9 χ 10 3 s at 643 K, the relaxation process till E* « 2.0 eV (E* = k B T a ln(vot)) is completed. After increasing the temperature to 683 K, the successive'relaxation process must satisfy the distribution function at 683 K. The peak height of the distribution function is smaller for 683 Κ than for 643 K, as shown in Fig. 7 . In summaiy, the restoration of order state occurs so as to satisfy the new distribution function. This indicates that the order state, which is occupied up to E*, transfers partly to the disorder state so that the electrical resistance decreases until restoration is finished. The activation energy of the fast relaxation time (43.3 s) in Fig. 3 is estimated to be about 1.85 eV. This value is certainly small compared with the threshold E*.
